Quasi-reversible Magnetoresistance in Exchange Spring Tunnel Junctions 
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We report a large, quasi-reversible tunnel magnetoresistance in exchange-biased ferromagnetic 
semiconductor tunnel junctions wherein a soft ferromagnetic semiconductor (Gai-xMuxAs) is ex- 
change coupled to a hard ferromagnetic metal (MnAs). Our observations are consistent with the 
formation of a region of inhomogeneous magnetization (an "exchange spring") within the biased 
Gai-xMuxAs layer. The distinctive tunneling anisotropic magnetoresistance of Gai_xMnxAs pro- 
duces a pronounced sensitivity of the magnetoresistance to the state of the exchange spring. 

PACS numbers: 75.47.-m, PACS2: 75.50.Pp, PACS3: 85.75.-d 



The interplay between spin-polarized currents and fer- 
romagnetic order is a fundamental problem that contin- 
ues to attract much attention in contemporary condensed 
matter physics, with specific applications in spintronics. 
In this context, there is a particular need to identify 
model systems that could permit systematic experimen- 
tal studies of spin-dependent transport through regions of 
non- uniform magnetization [11 [2]. Here, we we describe 
spin-dependent tunneling studies of novel semiconductor- 
based magnetic tunnel junctions (MTJs) that contain an 
"exchange spring" produced by exchange couphng one of 
the ferromagnetic semiconductor layers with a magnet- 
ically harder (metallic) ferromagnet. In such exchange 
springs, the non-uniform magnetization of the softer fer- 
romagnetic layer is twisted about an axis normal to the 
layer plane, akin to a partial domain wall |5]. We show 
that spin-dependent tunneling - and thus the tunneling 
magnetoresistance (TMR) - in these MTJ devices is very 
sensitive to the detailed magnetic configuration of the ex- 
change spring because of the tunneling anisotropic mag- 
netoresistance (TAMR) effect [3j. Although exchange 
spring configurations have been studied in metallic ferro- 
magnetic heterostructures using techniques such as neu- 
tron scattering [5] , we are unaware of any measurements 
of spin-dependent tunneling in such systems. In addi- 
tion to providing a new model system for studies of spin- 
dependent transport, the devices described here are a 
proof-of-concept demonstration of exchange-biased ferro- 
magnetic semiconductor MTJs of relevance to semicon- 
ductor spintronics |6j. 

The MTJ devices studied here are fabricated from het- 
erostructure samples that are grown by low tempera- 
ture molecular beam epitaxy on p-type (001) GaAs sub- 
strates. We first deposit a 150 nm thick Be-doped p- 
GaAs buffer layer (with p^lxlO^^cm"^). This is fol- 
lowed by a heterostructure comprised of two nominally 
identical Gai_xMnxAs layers (with 30 nm thickness and 
X ~ 6%) separated by a tunnel barrier. In sample A, 
the tunnel barrier consists of 1 nm GaAs/ 4nm AlAs / 
Inm GaAs spacer; the GaAs spacers prevent diffusion 
of Mn into the AlAs barrier. In samples B and C, the 
tunnel barriers consist of 4nm GaAs and 8 nm GaAs, re- 



spectively. The top Gai-xMuxAs layer has an epitaxial 
overlayer of type-A MnAs (with thickness 10±2nm). The 
latter is a semimetallic ferromagnet that provides an ex- 
change bias for the top Gai_xMnxAs layer [8j, making it 
harder to switch, while the bottom Gai_xMnxAs layer 
is free to rotate in a small magnetic field. The function of 
the ferromagnetic MnAs layer is analogous to that of the 
antiferromagnetic layer commonly used in metallic MTJ 
devices as a pinning layer [7|. Although it is possible to 
exchange bias Gai_xMnxAs using an antiferromagnet, 
this has only been achieved using an insulator (MnO) [S], 
thus precluding easy fabrication of perpendicular trans- 
port devices. 

We use photohthography, followed by a chlorine-based 
reactive ion etch, to fabricate cylindrical mesa MTJ de- 
vices, about 600 nm high and ranging in diameter from 
10/im to 100/^m. The TMR in these devices is measured 
using a pseudo-four-probe scheme, with separate voltage 
and current leads connected to top Ti/Au contacts and 
In contacts on the back of the substrate. The TMR is 
measured by applying a bias voltage and measuring the 
tunneling current using a Keithley 2410 source meter. 
The magnetic properties of the samples are measured 
using a Quantum Design superconducting quantum in- 
terference device (SQUID) magnetometer. In the mag- 
netization and magnetoresistance measurements, the ex- 
ternal magnetic field is applied in plane along [1120], the 
easy axis of the type-A MnAs layer; this corresponds to 
the [110] direction of the GaAs substrate. 

Figure 1(a) shows the temperature-dependent rema- 
nent magnetization M(T) for sample C. The other 
two samples show similar behavior. Although the two 
Gai_xMnxAs layers have nominally identical composi- 
tions, they show different values of the Curie temper- 
ature (Tc). The '^ 20 K difference in Tq is read- 
ily seen in M{T) when the top MnAs layer is chemi- 
cally removed (Fig. 1(d)). This enhancement in Tq for 
the upper Gai_xMnxAs layer is attributed to the out- 
diffusion of hole-compensating Mn interstitial defects 
during the growth of MnAs. Figure 1(b) shows the 
major magnetization curve M(H) in sample C, reveal- 
ing different switching behaviors for the top and bot- 
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FIG. 2: (Color online) Major loop TMR at different temper- 
atures in (a) a 100/^m diameter mesa device patterned from 
sample A and (b) a 50/im device patterned from sample C. 



FIG. 1: (Color online) (a) Temperature-dependent magne- 
tization M{T) for sample C. (b) Major magnetization loop 
M{H) for sample C, showing distinct switching fields for the 
bottom Gai-xMuxAs layer, the top Gai-xMuxAs layer and 
the MnAs layer (~ 1.8 kOe). (c) Minor magnetization loops 
for the same sample, measured after saturating the MnAs 
layer in a field of —20 kOe. Solid triangles show the minor loop 
when only the bottom Gai-xMuxAs layer is switched. Hollow 
circles show the minor loop when both Gai-xMuxAs layers 
switch, (d) M{T) and Af (J?) (inset) of the same sample after 
chemical removal of the MnAs layer. All the hysteresis loops 
are measured at 4.2K. 



torn Gai_xMnxAs layers: the bottom layer experiences 
a sharp transition while the magnetization of the top one 
gradually changes in external field due to the exchange 
coupling with the MnAs overlayer. 

Measurements of the minor M{H) loops are shown in 
Fig. 1(c). We obtain these minor loops after first saturat- 
ing the magnetization of MnAs layer in a -20 kOe field. 
Then, we sweep the magnetic field in a small field range to 
switch either the bottom Gai-xMn^As layer (— 300Oe < 
H < 300Oe) or both layers (-IkOe < H < IkOe). The 
bottom Gai-xMuxAs layer shows a small coercivity with 
a square hysteresis loop that is symmetric around zero 
field. In contrast, the top Gai_xMnxAs layer exhibits 
a large displacement (~ 600 Oe) of the hysteresis loop 
due to the ferromagnetic exchange coupling to the MnAs 
layer ^. As a control experiment, we chemically etched 
away the MnAs layer on the same sample and measured 
M{T) and M{H); the inset to Fig. 1(d) shows that the 
coercivity of the top Gai^xMiixAs layer is drastically 
reduced to ^ 50 Oe with a much sharper transition. 

Mesa devices fabricated from the three MTJ samples 
show distinct I-V characteristics (data not shown) due 
to different barrier heights and widths. Devices derived 



from sample A have the largest differential resistance 
(several kfi for 100/^m diameter mesas) and a strong non- 
linearity, as anticipated for an AlAs barrier with a height 
of ~550 meV in the valence band 'TO]. In contrast, since 
the height of the GaAs barrier is small (^ lOOmeV [IT]), 
devices made from sample B (4 nm wide barrier) display 
almost linear I-V characteristics, while those from sam- 
ple C (8 nm wide spacer) show non-linear I-V behavior 
characteristic of a good tunnel barrier. In the rest of the 
paper, we focus on the TMR in two devices fabricated 
from sample A (100/im diameter) and sample C (50/xum) 
where we have taken an extensive set of data. Measure- 
ments on other devices (of varying diameter) fabricated 
from these samples show qualitatively similar results. 

Figures 2(a) and (b) show the major loop TMR in 
samples A and C as a function of in-plane magnetic field 
over the temperatures range 4.2 K - 20 K. The magnetic 
field is applied along [110], parallel to the easy axis of 
the MnAs layer. The data shown in Fig. 2 are all taken 
at a constant 4 mV dc bias; we find that the TMR ra- 
tio shows a monotonic decay with increasing bias (data 
not shown) and is symmetric in bias voltage polarity. 
The data show three distinct jumps in resistance, each 
corresponding to the independent switching of the three 
ferromagnetic layers. The sharp increase in resistance 
at low field corresponds to the switching of the lower 
Gai_xMnxAs layer which creates an angle with respect 
to the upper Gai^xMuxAs layer. The second jump in 
resistance occurs when the magnetization of the upper 
Gai_xMnxAs layer switches direction and aligns with 
that of the lower Gai_xMnxAs layer, creating a low re- 
sistance state. As we will discuss in more detail later, this 
process is more complex, resulting in a gradual decrease 
in TMR as the two layers come into alignment. For sam- 
ple A, we find a peak TMR ratio as high as ~ 12% at 4.2 
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FIG. 3: (Color online) Major loop TMR (circles for sweep up 
and triangles for sweep down) and minor loop TMR (lines) at 
4.2 K for devices fabricated from (a) sample A and (b) sample 
C. The arrows indicate the direction of minor loops starting 
from different fields. The insets show the minor loop TMR 
ratio as a function of starting field at different temperatures 
for the two samples. 



K, comparable to earlier reports in Gai_xMnxAs -based 
MT Js with thinner AlAs barriers [TD] . Sample C shows a 
much larger peak TMR (~ 40%) at 4.2 K, consistent with 
more coherent tunneling through the GaAs barrier [TT] . 
We note that sample B (4 nm GaAs barrier) shows very 
weak TMR (~ 0.6% peak value, data not shown); we at- 
tribute this to the small tunneling barrier suggested by 
the linear I-V characteristics. In all three samples, the 
peak TMR decreases as expected with increasing tem- 
perature, due to the decreasing spin polarization of the 
Gai_xMnxAs layers. 

The third jump in resistance (indicated by arrows in 
Fig. 2) occurs when the MnAs layer finally switches (at 
~ 1800 Oe), aligning its magnetization with that of the 
Gai_xMnxAs layers. This additional lowering of the 
overall device resistance is accompanied by the closing of 
the major hysteresis loop. We observe this small decrease 
in resistance in devices derived from all three samples 
and attribute it to a spin valve effect due to spin depen- 
dent scattering at the MnAs/Gai_xMnxAs interface [S]. 
We note that once all the three ferromagnetic layers are 
aligned, the low resistance state is stable, and the TMR 
follows an irreversible path as the magnetic field is swept 
down. 

We now address the minor loop TMR shown as solid 
lines in Fig. 3. These sweeps are obtained by the fol- 



lowing consistent protocol: we first saturate the mag- 
netization of all three magnetic layers in a field of —3 
kOe; we then sweep to a starting field +Ho and then 
sweep the field down in magnitude. The minor loop 
TMR has a complex behavior whose exact form is sen- 
sitive to the value of Hq. When the minor loop is ini- 
tiated at values of Hq just above the coercive field of 
the lower Gai_xMnxAs layer, the TMR shows a stan- 
dard irreversible minor hysteresis loop, with the high 
resistance state remaining stable as the field is swept 
down. However, if Hq is in a range within which the top 
Gai_xMnxAs layer has begun to switch direction (indi- 
cated within the dashed ellipses in Fig. 3), the minor loop 
TMR is "quasi-reversible." In sample A, the TMR re- 
traces a path whose shape resembles that observed while 
the field is swept up, but with a field-offset whose value 
depends on Hq. In sample C, both the shape of the TMR 
and its amplitude are sensitive to Hq; most surprisingly, 
the peak value of the TMR increases dramatically during 
the down sweep, almost doubling in value compared with 
the peak TMR obtained during the sweep up. The be- 
havior in both samples suggests that the magnetization 
of the upper Gai_xMnxAs layer does not remain in a 
stable state while the magnetic field is swept down. We 
note that in the control sample where the MnAs layer 
is etched away, this quasi-reversible behavior disappears, 
showing a minor TMR similar to that reported by in ear- 
lier studies of Gai_.xMnxAs MTJs [T^. We now develop 
a qualitative argument that links the minor loop TMR 
in these devices to the unwinding of an exchange spring 
in the upper Gai_xMnxAs layer. 

We begin with a picture of the magnetization in the 
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FIG. 4: (Color online) (a)(b)(c) Illustrations of the switch- 
ing of magnetization in three difi^erent field ranges. The red 
(green) arrows represent the top (bottom) Gai_xMnxAs layer 
respectively. The twisted spins in the top Gai-xMuxAs layer 
are depicted in the right part of the figures, forming a spring- 
like configuration with variable depths, (d) Major loop (cir- 
cles) and minor loops (lines) of sample C starting from difi'er- 
ent representing field regions (a,b,c) 



upper Gai_xMnxAs layer. When the magnetic field 
is swept above a characteristic coercive field, we spec- 
ulate that the exchange coupling of this layer with 
the MnAs layer results in an unusual exchange spring 
configuration that consists of a partial domain wall of 
width di(H) in the vertical direction and a complete 
domain of width d2{H) produced by the anisotropy of 
the Gai-xMuxAs layer (Fig. 4). It is reasonable to 
assume that both these domain widths (di and ^2) are 
field-dependent. The width of the complete domain ^2 
increases with magnetic field while the width of the par- 
tial domain wall di diminishes. However, unlike com- 
plete exchange springs that exhibit fully reversible be- 
havior with a disappearance of hysteresis |3j , the system 
studied here can follow a more complex quasi-reversible 
return path: when the magnetic field is swept down, the 
complete domain state may maintain a fixed width d2 
and rotate as a single domain, while the exchange spring 
unwinds. When combined with the inherent cubic and 
uniaxial magnetic anisotropy of Gai_xMnxAs , as well 
the the TAMR effect g], this results in minor loop TMR 
that can differ greatly in magnitude and shape from the 
major loop TMR. 

This is best illustrated by the dramatic dependence 
of the minor loop peak TMR ratio on Hq in sample C 
at the lowest temperatures. In Figs. 4 (a)-(c), we illus- 
trate the switching of magnetization for three different 
values of H^; the respective TMR for these three minor 
loops is shown in Fig. 4(d). The external field is applied 
along [110] with a small misalignment angle. Since the 
direction of the MnAs magnetization is fixed after sat- 
urating at —3 kOe, the angles of the magnetization of 
Gai_xMnxAs layers are described with respect to the 
MnAs magnetization. When the field is swept up after 
reversal, the first abrupt jump in TMR corresponds to 
the nucleation and propagation of a ~ 90° domain wall 
within the bottom Gai^xMuxAs layer. This leads to 
an abrupt switching of its magnetization from ~ 45° to 
~ 135°, as indicated by the green arrows in Fig. 4(a). 
The magnetization of the top layer also rotates inho- 
mogeneously through a small angle, forming a relatively 
wide partial domain wall. When a minor loop starts from 
this configuration (sweeping down), the M of the bottom 
layer simply switches back to ~ 45° , giving a square hys- 
teresis loop (green curve in Fig. 4(d)). In this regime, the 
TMR magnitude does not vary much with the reversible 
unwinding of the slightly twisted exchange spring in the 
upper layer. 

For larger values of Hq that lie in the major loop 
TMR plateau (200 Oe < Ho < 700 Oe), the magne- 
tization of the bottom layer gradually rotates to the 
second energy minimum, aligning itself at an angle of 
^ 225° (Fig. 4(b)). The presence of a uniaxial anisotropy 
in Gai_xMnxAs (in addition to the cubic anisotropy) 
causes this second 90° switching through coherent rota- 
tion, rather than domain wall nucleation. This is accom- 



panied by an additional twisting of the exchange spring in 
the upper layer. We speculate that the complex plateau 
in the major loop over that field range is a result of the 
interplay of both top and bottom Gai_xMnxAs layers 
rotating in the same direction. When the minor loop is 
initiated with Hq in this regime, the magnetization of the 
lower layer is pinned in its energy minimum at '^ 225° 
until the field reverses. In the upper layer, however, the 
complete domain rotates coherently to an energy mini- 
mum at ~ 45°. Because of the TAMR effect and the 
larger angle between the two magnetizations, it yields 
a larger peak TMR (yellow and blue curves in Fig. 4(d)) 
than that seen during the major loop. Further, the width 
d2{H) of the complete domain - and correspondingly the 
magnetization along [100] - increases with Hq. Using the 
heuristic JuUiere model [13', this increase in magnetiza- 
tion (and the accompanying increase in spin polarization) 
explains the increase in the TMR peak value with increas- 
ing Hq (inset in Fig. 3(b)). The increase in peak TMR 
with Hq is however not monotonic and reaches a maxi- 
mum value for Hq ^ 700 Oe, beyond which we observe a 
slight decrease in the peak TMR (inset in Fig. 3(b)). We 
may reasonably assume that even though the width ^2 of 
the complete domain increases with Hq, only a portion 
of this complete domain can rotate coherently, limited to 
a critical thickness dc- Consequently, the peak TMR is 
maximum when d2 — dc- We do not have a detailed ex- 
planation for the slight decrease in peak TMR at higher 
values of Hq, but it is consistent with the existence of 
pinning sites for small domains. 

Our qualitative model also explains the observed tem- 
perature dependence of the minor loop TMR (see inset to 
Fig. 3(b)). With increasing temperature, the peak value 
of the minor loop TMR of sample C becomes less de- 
pendent on the starting field, similar to the behavior ob- 
served at all temperatures in sample A (inset to Fig. 3(a)). 
We note that - at these higher temperatures - the over- 
all character of the minor loop TMR in sample C still 
remains quasi-reversible (data not shown) and resembles 
that obtained for sample A at all temperatures. We at- 
tribute these observations to a rapid decrease in the cu- 
bic anisotropy with increasing temperature relative to 
the change in the uniaxial anisotropy |14j : this reduces 
TAMR contributions by removing the lack of symmetry 
between the two easy axes. A puzzling aspect of our 
data is the contrast in minor loop TMR between samples 
A and C at the lowest temperature, particularly given 
that the only structural difference between the two sam- 
ples is the tunnel barrier. We do not currently have a 
convincing explanation for this difference, but note that 
the magnetic anisotropy of Gai_xMnxAs is a sensitive 
function of hole density. Studies of epitaxially grown 
heterostructures containing Gai_xMnxAs have shown 
a large variability in hole-compensating Mn interstitial 
concentrations that depends on the details of the het- 
erostructure. It is thus possible that the lack of TAMR 



in sample A may arise from a lack of cubic anisotropy 
in the lower Gai_xMnxAs layer, resulting in Fermi-level 
driven differences in Mn interstitial diffusion during the 
overgrowth of AlAs. It is also possible that contributions 
of TAMR are sensitive to the nature of the tunnel barrier, 
although calculations of TAMR for GaAs and AlAs tun- 
nel barriers do not suggest an obvious explanation [15 . 
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